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Evaluation of structure and properties of various sol–gel nanocoatings on
biomedical titanium surface
Abstract
This study deals with the preparation and characterization of different bioceramic nanofilms formed on
the surface of new metastable β-titanium (Ti) alloy. The films of pure TiO2, pure HA, TiO2/HA bilayer and
HA/TiO2 composite were coated successfully on Ti surface by sol-gel using spray pyrolysis deposition
technique. The surface characteristics of coated substrates, such as thickness, topography, morphology,
phase transformations and wear behavior, were evaluated and compared to uncoated substrate. The
results showed that the sol-gel is a promising technique to create biocoatings on Ti surface with
outstanding structure and properties for biomedical applications.
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1. Introduction
The use of metallic implants in the medical field has
become prevalent in recent times, where they should
withstand significant mechanical stresses [1]. In
particular, Ti and its alloys are extensively applied for
orthopaedic and dental applications due to their
outstanding characteristics such as specific strength,
better fracture toughness, low elastic modulus as well
as excellent corrosion resistance and biocompatibility.
It has been proved that Ti and its alloys have higher
acceptability by human body tissue than other metallic
materials [2]. A great attention from scientists and
researchers has been paid to many biocompatible btype Ti alloys as this kind of Ti alloys can mitigate the
effect of stress shielding and lead to exceptional
biocompatibility. However, the structure and properties
of these alloys still need to be improved to meet the
severe conditions of the human body for various
medical uses [3].
It is well known that Ti has an ability to form a
passive oxide film on its surface with thickness reaches
to 1e10 nm [4]. The outstanding surface properties of
Ti alloy under human body environment can be achieved due to the simultaneous formation of this thin
surface film. However, wear characteristics of Ti are
still unsatisfactory [5]. Consequently, wear and friction
of Ti implants are imperative issues as they have direct
surface contact with bone tissue. Therefore, numerous
biological problems, such as bone loss, inflammation
and cytoxicity, could be induced due to the formation
of wear debris in contact area [6]. Functional ceramic
coating over the surface of Ti implant is a substantial
technique to enhance its required properties, especially
biocompatibility, corrosion and wear [7]. In recent
years, much interest was paid to apply solegel as a
vital coating method, due to its simplicity and capability to coat intricate shapes. Different biocompatible
ceramic films have been developed by solegel such as
titania (TiO2), hydroxyapatite (HA) and others.
Regardless of its higher biocompatibility, HA has a low
fracture toughness and a brittle nature, which could
lead to early failure to deposited film [7]. Also, the
difference in thermal expansion coefficients between
Ti substrate and HA coating may cause a decrease in
bonding strength between them. Therefore, TiO2 film
was coated onto Ti surface to increase the bonding
strength between HA and Ti [8]. The use of highquality coatings embedded with various compatible

nanoparticles in higher purity and exceptional crystallinity is also required to improve the mechanical
properties of biomaterials [9]. Moreover, it was reported that the bioactivity, osseointegration, antibacterial properties along with corrosion and tribological
resistances can be improved significantly using TiO2 as
a successful alternative protective coating over Ti
surface [10].
In the present study, solegel coating technique
using spray pyrolysis deposition was utilized to coat
new metastable b-type Ti alloy with pure TiO2, pure
HA, bilayer TiO2/HA and composite HA/TiO2. The
structural characterizations of the resulting coatings
along with their effect on the micro-hardness and wear
behaviour of the investigated Ti alloy were also evaluated and compared to uncoated substrate.
2. Materials and methods
In this study, a new as-cast metastable b
Tie15Zre12Nb (TZN) alloy was employed as a substrate for different solegel processes. This alloy was
produced using a non-consumable vacuum arc melting
technique existing at DMRL, India. Primarily, the
casting process started with a good mixing of raw
materials (sponge Ti, Zr chips and Nb powder) under
ultrahigh purity argon gas. The melting process was
repeated many times to obtain compact and homogeneous Ti ingots. More details about the production of
this TZN alloy were mentioned in some works [11,12].
Samples of size 10  10  3 mm from TZN alloy were
used as main substrates in this investigation. The first
step is grinding of samples by silicon carbide papers
(120e1200) grit, ultrasonically cleaned by ultrasonic
cleaner for 15 min using a mixture of ethanol and
distilled water and then dried in air. All details related
to preparing coating solutions and solegel films by
spray pyrolysis deposition method for TiO2, HA,
bilayer and composite coatings were mentioned elsewhere [13,14].
Scanning electron microscopy (SEM-FEI Quanta
model, Holland) was used to identify the surface
structure and the morphology of the coated substrates.
The elemental composition of coated surfaces was
analyzed using energy dispersive spectroscopy (EDS),
which is connected with SEM device as an accessory.
Also, the phase transformations of the coated substrates were determined by X-ray diffraction test
(XRD-6000, Japan). The parameters of this test were:
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CuKa radiation (l ¼ 0.154056 nm), current 30 mA,
voltage 40 KV, 2q between (10 e80 ) and scan speed
8.0000 (deg/min). The surface morphology including
2D and 3D images of uncoated and coated substrates
was observed by atomic force microscopy AFM
(NTMDT, NTEGRA prima, Russia). The average
thickness of different five points for each coating layer
was measured using a digital coating thickness gauge
type (List-Magnetik Mega-Check Pocket) in an accuracy of ±0.1 mm. Vickers micro-hardness was
measured using an automatic micro-hardness tester
(TH715, Beijing Time High Technology Ltd). The
micro-hardness test was repeated five times for each
substrate using a load of 9.8 N and a dwelling time of
15s. The wear performance of uncoated and coated
TZN alloy substrates was analyzed using a reciprocating pin-on-disc sliding wear tester (MICRTEST, S.
A., Spain) under dry condition at room temperature.
The applied normal force, sliding distance, sliding
velocity and speed of wear test were selected to be 1 N,
75 m, 200 rpm and 10 mm s1, respectively. The wear
resistance of uncoated and coated TZN alloy substrates
was analyzed depending upon the measured coefficient
of friction (COF), weight loss and wear rate. Besides,
SEM observations were used to evaluate the worn
surfaces of uncoated and coated TZN alloy substrates.
3. Results and discussion
3.1. Thickness and AFM measurements
The thickness of the coating is an important factor
which has a significant effect on the performance of
coated Ti substrates. The thickness values of TiO2, HA,
bilayer and composite coatings were measured to be
34, 22, 59 and 41 mm, respectively.
Fig. 1(aee) shows the AFM images of uncoated and
coated TZN alloy substrates. Fig. 1a revealed that the
uncoated substrate has lower value of Ra (9.495 nm)
compared to that of coated substrates. This indicates
the significant effect of different coatings produced by
solegel process on TZN alloy surface. On the other
hand, the AFM analysis showed that the coated substrates are fully covered by nano-scale layers. In case
of TiO2, the film is composed of nano-particles with an
average grain size of about 101 nm. The topography of
this coating characterizes porous structure and rough
surface, with higher value of Ra (30.417 nm). This
might be owing to the existence of high amount of
micropores and bigger agglomerations along with a
decrease in homogeneity, as shown in Fig. 1b. It is
important to mention here that the rough and porous

Fig. 1. AFM topography images under different presentation mode
and resolutions of: (a) uncoated, (b) TiO2, (c) HA, (d) bilayer and (e)
composite coated substrates.

structure of TiO2 film might increase the coating
adhesion of the subsequent HA layer in bilayer
coating. In case of HA coating, the film is composed of
nano-particles with an average grain size of about
96.8 nm, as shown in Fig. 1c. The topography of this
coating characterizes porous structure with a higher
value of Ra (16.529 nm) compared to uncoated substrate, but it is lower than that of TiO2 coated substrate.
The presence of higher amount of porosity and
agglomeration along with reduced homogeneity in
structure is the main factor affected on the surface
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roughness of HA coating. The topography of bilayer
discloses nanoscale structure with a greater homogeneity and smaller particle size (62.5 nm), as shown in
Fig. 1d. The surface of this coating is smother
(Ra ¼ 17.213) than TiO2 film and comparable to HA
film as it possesses less amount of porosity. It can be
seen from Fig. 1e that TiO2 is highly integrated with
HA particles in composite coated substrate. Also, a
nanoscale structure with a higher homogeneity and
smaller particle size (65.1 nm) is obtained in composite
coating. However, the composite film has a comparable
surface roughness (Ra ¼ 19.559) to that of bilayer and
HA coatings, along with lesser levels of porosity in
comparison to other coatings. It was pointed out that
the rapid attachment of the oesteoblast cells onto the
implant surface can be achieved by increasing the
surface roughness, which may provide a substantial
improving in contact area with the bone [15]. Consequently, it is expected that the coated substrates in this
study induce essential developments in the bioactivity
and bone bonding ability.
3.2. SEM-EDS observations
Fig. 2 exhibits SEM micrographs and EDS analysis
of TiO2, HA, bilayer and composite coatings. According to the present SEM observation, no noticeable
fracture is observed in the surfaces coated by TiO2 and
bilayer films. In Fig. 2 (a), the surface is totally
covered with pure TiO2 coating, consisting mainly of
nanosized particles and different irregular clusters
together with some detectable micro-cracks distributed
on this film. The coalescence of the nanoparticles was
developed to form coarse particles and large grains in
an irregular distribution. The formation of a cracked
surface is owing to mutual effect of contraction and
stress resulted from the different thermal expansion
between TiO2 and TZN alloy during the thermal
treatment of solegel process, or as a result of the
evaporation of solvent molecules during sintering
process [16]. Moreover, a high density of obvious grain
boundary micro-pores was observed within the
microstructure of pure TiO2 coating. These pores were
bigger and more abundant in the surface, resulting in a
well consolidated macro-porous layer with higher
biofunctionality. The movement of human body fluid
throughout the pores might enhance the cell infiltration
process, which in turn supports the formation of new
bone cells. Also, the more attachment points for osteoblast adhesion and differentiation may be resulted
from these pores formed in bioceramic coatings [17].
The corresponding EDS analysis of TiO2 film shows
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the major elemental peaks of Ti and O, which confirms
the formation of TiO2 coating. It can be observed from
Fig. 2 (b) that the surface is entirely covered with
uniform deposition of pure HA film. The surface of HA
coated substrate has irregular crystallite aggregates in
plate-like shape with a thickness of 1e4 mm in various
orientations. These structural aggregates can be
explained as a coalescence of many nanoparticles
developed on the coated surface. Also, some detectable
micro-cracks distributed on HA film were observed,
which was resulted from the significant difference in
thermal expansion between coating and substrate [16].
Moreover, sponge-like structure or porous structure
was observed within the microstructure of pure HA
film, which consists of numerous nano- and micropores (0.2e2 mm) in an obvious grain boundary. It is
important to mention here that a heterogeneous
nucleation of the apatite particles can be promoted
with the formation of the cracks and/or porosity in the
morphology of HA coating layer. These apatite particles have a higher tendency to fill the cracks
throughout their continuous growth [18]. The corresponding EDX spectrum for HA coating shows that the
apatite layers were successfully synthesized on the
surface of TZN alloy. It confirmed the formation of HA
coating with the existence of distinct peaks of Ca, P, O
and Ti, which are related to the main elements of HA
coating and TZN alloy substrate. Furthermore, the Ca/
P atomic ratio of deposited HA film is 1.62 which is
very closer to the theoretical value of HA in human
bone structure (1.67). In Fig. 2 (c), the microstructure
of bilayer surface is homogeneous, compact and dense
intact coating nature. It essentially consists of more
apparent nano granular-like particles. Also, a considerable decrease in the amount of porosity and in the
dimensions of pores was noted on the surface
comparing with that of pure TiO2 and HA films. It is
important to mention here that the biocompatible
nanometer TiO2, as an intermediate layer, could promote the controlled interaction and the bonding
strength of the bioactive HA film into the surface of the
TZN substrate. In addition, this bioceramic layer may
assist in increasing the bioactivity and inhibiting the
erosion of the outer HA layer after its resorption or
degradation [19]. The cracked surface obtained in first
layer of pure TiO2 (Fig. 2a) is more favorable for
developing the quality of the deposition of HA coating
and increasing the adhesive strength between the first
layer (TiO2) and the final layer (HA). The micro-cracks
formed on TiO2 layer through the shrinkage happened
during calcination treatment can act as vital points of
“mechanical interlocking” which may eventually lead
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Fig. 2. SEM images (left) and point EDS spectrum (right) of (a) TiO2, (b) HA, (c) bilayer and (d) composite coated substrates.
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to improve the osteintegration [20]. Therefore, the final
HA film blocked the cracks and covered entirely the
surface of the TiO2 film. The EDX spectrum evidently
shows the existence of P, Ca, and O, the main constituents of HA layer. The small weight percentages of
phosphorus (17.77 Wt %) and calcium (34.54 Wt %)
confirm that the deposited HA is a thin film. The Ca/P
ratio was measured to be 1.502. Fig. 2 (d) showed that
the composite coated surface has a regular thin porous
structure with higher compact and homogeneity. The
enhanced homogeneity of coated surface is attributed
to good incorporation of TiO2 with HA matrix. This
film consists mainly of nano granular-like particles
with regular nano- and micro-pores. Moreover, a significant decrease in the dimensions of pores was
observed in the structure of composite film compared
to that of TiO2 and HA. These morphological results
are very identical with previous results of AFM analysis (Fig. 1). Moreover, these vital results have a good
agreement with the results obtained from literature
[19]. The EDS spectra revealed that the composite film
has Ca/P ratio of 1.53. The existence of strong peaks
related to Ti and O along with Ca and P peaks confirms
the formation of HA and TiO2 in composite coating.
Furthermore, peaks other than HA and TiO2 were not
seen, which confirms the purity of the coating. Thus, it
can be concluded that TiO2 phase was well embedded
into HA matrix.
3.3. X-ray diffraction analysis
The crystal structures of uncoated substrate along
with TiO2, HA, bilayer and composite coatings were
characterized using XRD analysis, as shown in Fig. 3.
The XRD profile of uncoated substrate indicates the
formation of main two phases in Ti alloys, i.e. a
(JCPDS 44e1294) and b (JCPDS 44e1288) phases.
For pure TiO2 layer, sharp and strong intense peaks
attributed to anatase TiO2 (JCPDS 00-029-1360) were
detected. It was pointed out that the anatase phase
possesses a greater bioactivity than that of rutile phase
as anatase has lower zeta hydroxyl groups potential,
higher lattice match with hydroxyapatite and higher
acidity [21]. Similarly, peaks related to rutile TiO2
(JCPDS 00-021-1276) were also observed. The presence of the rutile phase within the oxide coating proves
that the final oxide layer has a stable coating [22]. For
pure HA film, several major peaks attributed to HA
(JCPDS pattern No. 09e0432) were detected.
Furthermore, it can be noted that no sign of calcium
oxide or calcium titanate in the XRD analysis of HA
coating.
However,
some
diffraction
peaks
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Fig. 3. XRD patterns for uncoated, TiO2, HA, bilayer and composite
coatings.

corresponding to Ti were observed, which probably
derived from TZN alloy substrate. For bilayer film,
several typical sharp and narrow crystalline HA
diffraction peaks were demonstrated. Also, two additional high intensity peaks corresponding to the crystallization of TiO2 into anatase crystals were noted.
Some further high intensity peaks related to the crystallization of TiO2 into rutile crystals were also indicated. In bilayer coating, it is expected that the
microstructural characteristics of final HA layer are
significantly dependent on the surface features of the
underlying substrate [23]. Consequently, an enhancement in the crystallization of HA was achieved due to
the deposition of inner TiO2 layer. It can be confirmed
that great crystallization of titania in anatase and rutile
structures within the structure of pure TiO2 coating was
obtained. Whereas, an apatite along with titania in
anatase and rutile structures can be noticed in bilayer
coating, indicating a substantial development of crystals within this film. For composite film, numerous
crystalline HA diffraction peaks were revealed. Also,
some main diffraction peaks corresponding to the
crystallization of TiO2 into rutile (JCPDS 00-0211276) and anatase crystals (JCPDS00-029-1360) were
noticed. Here, it is of distinct observation that only the
development of titania and apatite phases without the
creation of other phases, which confirms the great
thermal stability of both titania and apatite structures in
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composite coating derived by solegel process. The
secondary compounds, like calcium oxide, calcium
titanium oxides and tricalcium phosphate were not
detected in composite film. Moreover, it is expected
that the crystallization of HA in composite film can be
delayed as a result of mixing HA and TiO2 in this type
of coating, which may cause a formation of weaker HA
peaks [24]. Moreover, the decomposition of HA into
more soluble phases like tricalcium phosphate (a-TCP
or b-TCP) may cause a significant degradation in the
mechanical properties of final coating [25]. Therefore,
in this work, the temperature of sintering treatment of
coating was controlled to be below b-transus temperature of TZN alloy and kept only at 550  C in order to
avoid this undesirable effect. Furthermore, the XRD
patterns of composite coating identified some diffraction peaks corresponding to Ti which might be related
to TZN alloy substrate.
3.4. Micro-hardness investigation
As is well identified, the biomaterial utilized for
long-term implants should possess higher mechanical
strength and better biological properties owing to the
complex nature of human body environment [26].
Therefore, in this study, the micro-hardness, as one of
the mechanical properties required for coated surfaces,
was evaluated, and the results of uncoated and coated
substrates are represented in Fig. 4. It can be seen from
this figure that the hardness of uncoated substrate was
260.6 ± 1.5 HV, which is the lowest value compared
with that of coated substrates, but it is higher than that

Fig. 4. Surface hardness profiles of uncoated and different coated
substrates.

of pure Ti (110 HV). In addition, it can be seen that the
composite and bilayer coatings offer the higher hardness values (497.4 ± 4 and 395.4 ± 2 HV, respectively)
compared to that of uncoated, TiO2, and HA. It was
reported that the biocompatible ceramic oxide layers
deposited by solegel process over the surface of
implant can substantially improve the surface hardness
[9] and reduce the plastic deformation of the coated
substrates [6]. Furthermore, the microstructure and the
morphology of the surface coating play a key role in
determining the values of the surface hardness. The
surface coating with adherent crystalline coatings,
significant bonding strength and less amount of
porosity provides higher hardness values [27]. For
bilayer film, the presence of the nanometer intermediate TiO2 layer played a key role in increasing the
interaction and the bonding strength of the final
bioactive HA coating onto the surface of TZN alloy
substrate and without any detectable micro-cracks or
detachment from the substrate (Fig. 2c). For composite
film, it was reported that the doping of TiO2 in HA
could enhance the physical reliability between the
coating film and the substrate with higher inter-particle
bonding [19], which in turn causes a considerable increase in surface hardness. Here, the highest hardness
of composite coating is due to the higher bonding
strength and the interaction of this film onto the substrate surface as a result of the formation of homogeneous nanometer film without any evident microcracks or detachment from the substrate (see Fig. 2d).
3.5. Wear characteristics
Visual inspection of uncoated and coated TZN alloy
substrates showed that during wear tests, the amount of
the fractured particles on uncoated surface were higher
than that on coated substrates, which may cause an
increase in COF. Fig. 5(a, b) demonstrates the COF
values and wear rates of uncoated, TiO2, HA, bilayer
and composite coatings. The average values of COF of
uncoated, HA, TiO2, bilayer and composite coatings
were 0.82, 0.77, 0.72, 0.55 and 0.49, respectively. It
can be seen from Fig. 5 (a) that for all tested substrates,
the COF values increase with increasing test period,
i.e. a continuous increasing in COF with increasing the
residence time of the wear test. The increase of the
COF may be related to the formation of wear debris
during the friction process, which can cause abrasive
wear, leading finally to failure of surface film [28].
Furthermore, the COF values of coated substrates were
significantly lower than that of uncoated substrate. The
uncoated substrate has the highest value of COF which
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Fig. 5. Friction coefficient values (a) and the wear rate (b) of uncoated, TiO2, HA, bilayer and composite coatings.

makes it more inferior compared to coated substrates.
However, the wear behavior of pure TiO2 and pure HA
coated substrates has an inferior values of COF
compared to that of bilayer and composite coated
substrates. This reveals the weak effect of pure TiO2
and pure HA layers in improving the wear resistance of
TZN alloy. This unfavourable result may be attributed
to the weak interface between these coatings and the
surface of TZN substrate as a result of internal microcracks formed onto the surface (see Fig. 2aeb). As a
result, it may simply induce micro-fracture on the
interface and produce abrasive particles, leading to
rapid failure of TiO2 and HA coatings. On the other
hand, bilayer coated substrate shows lower COF than
pure TiO2 and pure HA coated substrates after
completing the sliding period. This result is due to
homogenous nanostructure of the bilayer coating with
the higher surface bonding between HA and TiO2 films
(see Fig. 2c). It is worth noting that the composite
coated substrate showed the lowest COF value among
coated substrates after completing the sliding period.
This proves that the composite coated substrate is the
highest wear resistance, which surely guides to a
longer wear life. This optimal finding is greatly associated with the presence of homogenous and nanoscale structure of composite film with outstanding
surface bonding with TZN alloy substrate (see Fig. 2d).
Also, it is important to mention here that the significant
reduction in COF of composite coated substrate may
be resulted from the considerable increase in some
vital properties of formed film especially structure
stability, surface hardness, film thickness [29] and
roughness [30].

Using SEM observations, the worn surfaces of uncoated and coated substrates were evaluated in order to
attain more details about the mechanisms of friction
and wear. Fig. 6 shows the wear tracks (red arrows) of
uncoated, TiO2, HA, bilayer and composite coatings
after completing the wear test. It can be seen that the
track width of uncoated substrate (Fig. 6a) is so large
to be appeared in a specific magnification used for
SEM test, which indicates that this surface suffered
from severe adhesive wear and plastic deformation
between the pin and substrate during the wear test [31].
In contrast, the coated substrates had narrow track
width, which reveals that the wear resistance of TZN
alloy is developed after solegel process, as shown in
(Fig. 6 b-e). In addition, the narrowest wear track was
observed on composite coated substrate (Fig. 6e),
which indicates that this film has an excellent wear
resistance among the coated substrates. This is might
be attributed to the high surface hardness and film
thickness of composite film compared to other films.
Also, the worn surfaces of composite and bilayer
coated substrates were relatively smoother than TiO2
and HA coated substrates. It can be seen that large
delamination and plentiful fine wear particles are
formed on the surface of TiO2 and HA (see Fig. 6b and
c), indicating the possibility of occurring sudden
rupture through wear process. The worn surface images of the bilayer and composite coated substrates
showed that an evident deformation occurred on the
surfaces, which discloses the best result of the wear
resistance. The plastic deformation is may be occurred
due to the nano-scale structures of bilayer and composite films (Fig. 2c and d). The deformation is so
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Fig. 6. SEM micrographs of worn surfaces of (a) uncoated, (b) TiO2 (c) HA, (d) bilayer and (e) composite coatings.

probably responsible for prevention or decrease the
potential creation of micro-fractures, which could lead
to a significant decrease in COF and abrasive particles.
It can be concluded that the wear mechanism of bilayer
and composite coated substrates is featured with
deformation and abrasive wear without apparent fracture, whereas the wear mechanism of the TiO2 and HA
coated substrate is dominated by microfracture and
abrasive wear.

4. Conclusions
In this present work, four different bioceramics
coatings, pure TiO2, pure HA, TiO2/HA bilayer and
HA/TiO2 composite, were successfully deposited on
the surface of a new metastable Tie15Zre12Nb alloy
using solegel technique for biomedical applications.
These biocoatings were characterized with respect to
microstructure,
phase
composition,
surface
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topography, thickness, micro-hardness, and wear
properties. The main conclusions of this study can be
summarized as follow:
 TiO2 coating characterizes cracked surface with
inferior homogeneity and increased value of
roughness. HA film possesses irregular crystallite
aggregates in plate-like shape with numerous nanoand micro-pores and some detectable micro-cracks
distributed on the surface. While in bilayer, the
structure is more homogeneous, smother and
denser as cracked surface was completely covered
by the consequent HA layer. In contrast, composite
film consists mainly of nano granular-like particles
and regular nano- and micro-pores in a significant
decrease in the dimensions along with compact
structure in higher homogeneity without any
damage, crack or disintegration.
 XRD analysis reveals that TiO2 layer has a stable
structure in great crystallization. While several
major peaks related to the formation of apatite
phase were detected in pure HA film. On the other
hand, a higher crystalline HA was observed in
bilayer without any decomposition of HA into
more soluble phases. For composite film, the
development of titania and apatite phases without
other phases were observed, which confirms the
great thermal stability of both titania and apatite
structures in composite film.
 The bilayer and composite coated substrates
exhibit higher micro-hardness compared to TiO2
and HA coated substrates.
 The advanced nanostructures of the composite and
bilayer films with good hardness values had a
significant effect on wear resistance of TZN
implant. The wear mechanisms of these coatings
were dominated by deformation, abrasive wear and
without an obvious fracture.
 Therefore, TZN alloy coated by solegel technique
can be considered as a very promising biomaterial
for hard tissue replacements.
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